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We determine the energy barrier height for the formation of positively charged phosphorus
vacancies in InP~110! surfaces using the rate of formation of vacancies measured directly from
scanning tunneling microscope images. We found a barrier height in the range of 1.15–1.21 eV. The
barrier height decreases with increasing carrier concentration. These results are explained by a
charge separation during the vacancy formation process. © 2000 American Institute of Physics.
@S0003-6951~00!02027-1#Point defects affect to a large degree the electronic prop-
erties of semiconductors and thus their applicability in elec-
tronic devices. The extent to which point defects can influ-
ence the properties of a semiconductor depends, however,
not only on the electronic structure of the defects, but also
very sensitively on their concentrations. Therefore, it is
highly desirable to determine the factors governing the for-
mation of defects. Such knowledge would open the possibil-
ity to predict specific conditions for the formation of a par-
ticular defect and ultimately it may become even possible to
design materials on the atomic level. However, this task
turned out to be very complicated. On the one hand it is well
known that in case of thermal equilibrium the concentrations
of defects are controlled by their formation energies ~i.e., the
energy differences between the initial and final states!. On
the other hand, under nonequilibrium conditions the concen-
trations of defects are to a large degree governed by the
barrier heights for their formation. Although most semicon-
ductor devices are grown under kinetic rather than equilib-
rium conditions, little is known about the barrier heights for
the formation of defects on semiconductors surfaces. In fact
the formation of surface defects and subsequent incorpora-
tion as bulk defects have not received much attention despite
their potential influence on semiconductor devices. Up to
now most work concentrated on growth related diffusion and
incorporation barriers.1.2 This may be partly due to the diffi-
culty to measure barrier heights for surface defect formation
and partly due to the very large computational effort neces-
sary to determine the exact path and the corresponding bar-
rier height.
In this letter we demonstrate the determination of the
energy barrier height for the formation of positively charged
phosphorus ~P! vacancies on InP~110! surfaces by directly
observing the vacancy formation using scanning tunneling
microscopy measurements. We identify the charge carrier
system as a factor affecting the height of the energy barrier
and quantify the effect of the Fermi energy position on the
barrier. The data indicate that a charge separation during
vacancy formation affects the barrier height.
For the experiments we investigated p-doped InP single
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31018 (Cd), and 831018 (Zn) cm23. The crystals were
cleaved in ultrahigh vacuum along a ~110! cleavage plane to
expose clean and defect free surfaces. Scanning tunneling
microscopy ~STM! images reveal indeed only very few de-
fects on the surfaces directly after cleavage. With increasing
time the concentration of defects increases. Figure 1~a! and
1~b! show two constant current STM images obtained 3.2
and 56.6 h after cleavage, respectively. We found two types
of defects. The bright localized contrast features arise from
dopant atoms ~they scale with the carrier concentration! and
are not of interest here. Their properties have been described
in detail before.3 Here we focus on the dark contrast features.
The dark contrast features are indicative of a positive charge
of the underlying defects as discussed in detail in Ref. 4. The
defects can be identified on basis of a high resolution image
obtained on the same surface @Fig. 1~c!#. The contrast in the
occupied states is that of a P monovacancy,4,5 which is on
p-doped InP~110! surface single positively charged.6,7 We
FIG. 1. Constant-current STM images of the occupied states of the cleaved
InP~110! surface ~a! 3.2 and ~b! 56.6 h after cleavage. The concentration of
P vacancies appearing as dark contrast features increases with time. ~c!
shows a high resolution STM image of the occupied density of states ac-
quired at 22.3 V and 0.4 nA current. Frame ~a! and ~b! were acquired at
23.0 and 22.2 V tunneling voltage and 0.6 and 0.4 nA current, respec-
tively. The sample had a carrier concentration of 1.131018 cm23.© 2000 American Institute of Physics
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STM images obtained at increasing times after cleavage. We
can exclude that the tip of the STM produces vacancies,
because we acquired the STM images with tunneling condi-
tions, under which the frequency of tip-induced migration
and formation events is negligible.4 Furthermore, we avoided
taking concentration values from STM images showing sur-
face areas, which were repeatedly scanned by the tip. Thus
the increase of the vacancy concentration with time is only
due to the thermal formation of the vacancies at room tem-
perature.
Figure 2 shows the quantitative vacancy concentration
data deduced from the STM images as a function of the time
after cleavage for three InP~110! surfaces with different car-
rier concentrations. One can recognize three effects: ~i! The
concentration of the vacancies increases for each sample
with time. ~ii! The rate of formation of the vacancies ~slope
of the data! decreases for each data set with increasing time.
~iii! The concentration at constant time increases with in-
creasing carrier concentration of the samples. Note that the
scattering of the concentration values is due to local inhomo-
geneities of the dopant concentration ~and thus carrier
concentration!8 and not due to insufficient statistics.
In order to analyze the data, we have to consider the
different processes affecting the concentration of surface va-
cancies: ~i! The thermal formation of vacancies increasing
the vacancy concentration, ~ii! a possible diffusion of surface
vacancies into the bulk, and ~iii! an annihilation of vacancies
by adatoms reducing both the surface vacancy concentration.
The diffusion of vacancies into the bulk is negligible, be-
cause it only occurs at temperatures above 140 °C.6 By tak-
ing our data at room temperature we first keep the tempera-
ture over long times constant with high accuracy and
secondly, we avoid that diffusion into the bulk plays any
significant role. On basis of the mechanisms ~i! and ~ii! the
increase of the number of vacancies per time interval
dNv /dt is9
FIG. 2. Concentrations of P vacancies in fraction of P surface lattice sites as
a function of time after cleavage at room temperature. Shown are the data
sets for three InP~110! surfaces with different carrier concentrations. The
solid lines should guide the eye.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject todNv
dt 5N0n~12aNv!e2
B
kT2KNvNa , ~1!
where n is the attempt frequency with which an atom at-
tempts to leave its lattice site to form a vacancy, B is the
barrier height for the formation of the vacancy, k Boltz-
mann’s constant, N0 the number of lattice sites, K the rate
coefficient for the adatom-vacancy recombination process,
and Na the concentration of adatoms. The factor (12aNv)
takes into account that the presence of a charged vacancy
reduces effectively the lattice sites available for vacancy for-
mation due to a charge repulsion. In our case we concen-
trated on very low vacancy concentrations, such that
vacancy–vacancy interactions are negligible and the factor
can be approximated by 1. A self-consistency test showed
that our data is well within this approximation for the va-
cancy concentrations investigated. Furthermore the low con-
centration limit reduces the number of adatoms to such a
degree that the adatom–vacancy recombination part can be
neglected. Note that with these approximations Eq. ~1! de-
scribes an apparently linear dependence of the vacancy con-
centration as a function of time. This is, however, not the
case, since the barrier B is not constant, but rather a function
of the position of the Fermi energy as deduced below ~the
Fermi level at the surface in turn is shifted by small concen-
trations of positively charged surface vacancies!.
In order to determine the barrier height B for the forma-
tion of the vacancy, we need to know the attempt frequency.
It can be approximated by the Debye frequency ~8.8 THz!10
or by the optical phonon frequency of the InP~110! surface
~2 THz!.11,12 For the determination of the barrier we ex-
tracted the slope of the data ~dNv/dt) by fitting an exponen-
tial function to the measured data. Using the slope at infi-
nitely small vacancy concentration ~t→0! and a range of
1–10 THz as attempt frequency, we obtain for the highest
doped sample a range for the value of the barrier height B of
1.15–1.21 eV, respectively.
For the determination of the effect of the carrier concen-
tration on the barrier height we determined the relative
changes of the barrier as a function of the position of the
Fermi energy at the surface. The discussion in terms of rela-
tive changes in barrier height has the advantage that the rela-
tive values are not affected by the attempt frequency and thus
the largest source of uncertainty is removed. This allows us
to probe much smaller variations of the barrier height. Figure
3 shows the relative variations of the barrier height as a
function of the position of the Fermi energy on the surface.
Three data points ~filled squares! were extracted from the
data extrapolated to the cleavage time ~Fermi energy on the
surface equals that in the bulk! and three data points ~open
circles! were determined for vacancy concentrations of about
0.1%–0.15%. In the latter case the vacancies formed on the
surface induced a band bending at the surface shifting the
band edges relative to the Fermi energy. We calculated the
band bending due to vacancies on basis of the data given in
Ref. 4. The error bars given indicate the relative temperature
uncertainty and the error of the determination of the slope.
All data points suggest a linear dependence of the barrier
height for vacancy formation on the position of the Fermi
energy on the surface. The excellent agreement of the data
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ing! with those shown as filled squares ~no band bending at
the surface!, shows that the barrier is only affected by the
position of the Fermi energy at the surface and not by that in
the bulk crystal.
At this stage we address first the values of the barrier
height. To our knowledge no values for the energy barrier
height for the formation of a vacancy on a ~110! surface of a
compound semiconductor has been calculated so far. We
thus can only check the consistency of our results with the
theoretical calculations by comparing our barrier with the
calculated formation energy. For this we have to recall that
the barrier height is always larger than or equal to the for-
mation energy. Indeed, calculations yielded formation ener-
gies of 1 eV for the positively charged P vacancy on P rich,
p-doped InP~110!13 consistent with our results. For further
comparison, we can only use diffusion barriers of vacancies
on the related GaAs~110! surface of 1.3 and 1.5 eV.14,15 If
we take into account that the bond strength of InP is weaker
than that of GaAs, our vacancy formation barrier compares
reasonably well with the diffusion barriers on GaAs.
For the discussion of the origin of the dependence of the
barrier height on the Fermi energy one has to recall that the
vacancies formed on the surfaces are positively charged. In
order to form a charged vacancy it is necessary to separate
electrical charges. This charge separation is likely to occur
simultaneously or shortly after the formation and relaxation
of the vacancy. In order to understand how a charge separa-
tion can affect the barrier, we recall that the formation en-
ergy of a positively charged defect increases linearly with the
Fermi energy moving toward midgap, since the extracted
FIG. 3. Relative changes of the barrier height for the formation of positively
charged P vacancies on p-doped InP~110! surfaces as a function of the
position of the Fermi energy on the surface. Filled squares show the data for
surface Fermi level positions equal to those in the bulk ~limit of zero va-
cancy concentration! and open circles show data for Fermi level positions
determined by the bulk and by the surface band bending induced by the
presence of positively charged surface P vacancies.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toelectron has to be shifted above the Fermi energy. In analogy
if a charge separation occurs at the time the vacancy forma-
tion process reaches the maximum barrier height along its
reaction path, the barrier height will be a function of the
position of the Fermi energy. The observed increase of the
barrier height with the Fermi energy moving toward midgap
is consistent with the direction of change expected for a posi-
tively charged defect. Thus the observed dependence of the
barrier height can be interpreted as the signature of a charge
separation taking place at the time when the intermediate
defect configuration reached the maximum barrier height
along the reaction path.
In conclusion, we demonstrated a methodology to deter-
mine the barrier height for the formation of defects on sur-
faces using scanning tunneling microscopy. We found that
the rate of formation of positively charged P vacancies on
InP~110! increases with increasing charge carrier concentra-
tion of the samples. A quantitative analysis of the data yields
a barrier in the range of 1.15–1.21 eV. The barrier height
increases when the Fermi level moves toward midgap. This
functional dependence indicates a charge separation occur-
ring simultaneously with the mechanical removal process of
the atom from its lattice site. The determination of quantita-
tive values for barrier heights as shown here allows to de-
scribe the kinetics of formation and thus predict the concen-
trations of charged defects on semiconductor surfaces. An
analogous determination of barrier heights of defects in
semiconductor growth surfaces may help to optimize condi-
tions for handling or growth of device structures.
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